1. Introduction {#sec1-materials-13-02908}
===============

Bone defects with critical size derived from injuries, tumor resections, infections or genetic malformations do not heal spontaneously without a template, representing a significant challenge for physicians. The standard approach consisting in the harvest of bone from a donor site and afterward transplanting it into the defect site of the same patient is usually restricted due to the limited availability of autologous bone tissue and the significant morbidity caused at the extraction site \[[@B1-materials-13-02908]\]. Engineered templates, termed scaffold, have emerged as a strategy to face these challenges by providing mechanical support in the bone defect and promoting bone regeneration. Scaffolds should act as a temporary 3D material that permits and promotes cell processes (adhesion, proliferation and migration) and the subsequent formation of new tissue \[[@B2-materials-13-02908]\]. Additional considerations in the design and optimization of scaffolds intended for bone repair include appropriated biodegradability, permeability and mechanical support \[[@B3-materials-13-02908]\]. Among the different materials that can be considered, polymeric scaffolds are highlighted due to the easy processing and suitable biodegradation and biocompatibility \[[@B4-materials-13-02908],[@B5-materials-13-02908]\]. However, bioactive components should further be added to stimulate the bone regeneration processes \[[@B6-materials-13-02908]\]. Bioactive particles are able to provide osteoconductivity (guidance for the growth of new bone) and stimulate both osteogenesis (bone tissue formation) and angiogenesis (blood vessel formation) \[[@B7-materials-13-02908]\]. In addition, it is greatly desired that these biomaterials have antimicrobial activity to reduce the risk of implant-centered infections caused by bacterial biofilms, which increase the patient morbidity and medical costs \[[@B8-materials-13-02908]\].

Composite materials based on biodegradable polymers filled with bioactive inorganic particles are an attractive strategy to develop multifunctional scaffolds for bone repair exhibiting the above-mentioned properties \[[@B9-materials-13-02908]\]. Bioactive glasses (BG) are well-recognized bioactive materials for bone repair applications due to their ability to form an apatite layer on their surface that promotes a direct bond to the living bone tissue \[[@B10-materials-13-02908],[@B11-materials-13-02908],[@B12-materials-13-02908]\]. Moreover, a number of inorganic ions can be incorporated into their glass structure---e.g., calcium (Ca), silicon (Si), phosphorous (P), zinc (Zn), copper (Cu), cobalt (Co), strontium (Sr), and magnesium (Mg) ions---which play important physiological roles in angiogenesis and bone metabolism as enzyme cofactors \[[@B13-materials-13-02908],[@B14-materials-13-02908],[@B15-materials-13-02908],[@B16-materials-13-02908]\]. Since the discovery of the first silicate-based bioactive glass by Hench et al. \[[@B10-materials-13-02908]\], also called 45S5 Bioglass^®^ (45SiO~2~-25CaO-25Na~2~O-6P~2~O~5~, wt.%), silicate compositions have become important bioactive materials for bone regeneration due to their unique biological properties provided by their ionic dissolution products \[[@B14-materials-13-02908]\]. Si, Ca, Na and P ions are able to induce and stimulate the expression of genes related to cell differentiation and bone formation \[[@B14-materials-13-02908]\]. Additionally, Cu and Zn are essential trace elements for humans and can also be considered as relevant co-doping agents of silicate-based glasses for bone applications due to their important angiogenic, osteogenic and antibacterial activity \[[@B15-materials-13-02908],[@B17-materials-13-02908]\]. A number of reviews and research studies have described the important biological role and benefits of cations like Cu^2+^ and Zn^2+^ for bone regeneration and bacterial control \[[@B14-materials-13-02908],[@B17-materials-13-02908],[@B18-materials-13-02908],[@B19-materials-13-02908],[@B20-materials-13-02908]\]. Our research group prepared bioactive glasses doped with Cu and Zn by the sol-gel method, which exhibited the formation of an apatite layer after immersion into a simulated body fluid (SBF) \[[@B21-materials-13-02908],[@B22-materials-13-02908]\]. Additionally, these Cu- and Zn-doped glasses showed cytocompatibility and antibacterial activity \[[@B21-materials-13-02908],[@B22-materials-13-02908]\].

However, in spite of the outstanding properties exhibited by these bioactive glasses, some difficulties such as their fragile behavior and poor ductility make difficult their implantation. These issues support the need to explore polymer/ceramic composites as the combination of the properties of biodegradable polymers and bioactive glasses will increase the performance for bone tissue regeneration \[[@B9-materials-13-02908]\]. In particular, these composite materials would not require a second surgery to remove them since during their degradation new bone tissue is formed and a gradual substitution of the implanted scaffold material would occur \[[@B9-materials-13-02908],[@B23-materials-13-02908]\]. If these composite materials are properly designed, they should result in scaffolds with tailored physical and biological properties for specific bone applications \[[@B24-materials-13-02908]\]. For instance, dissolution of the bioactive glass phase would result in the formation of an apatite layer on the scaffold surface, thus providing the required osteoconductivity \[[@B24-materials-13-02908]\].

Resorbable polyester, such as polylactide acid (PLA), polyglycolic acid (PGA) and their copolymers, are highly considered as matrices for tissue engineering applications due to their approval from the US Food and Drug Administration (FDA) for clinical application \[[@B23-materials-13-02908]\]. Particularly, poly (D, L-lactide), termed PDLLA, is a biodegradable polymer extensively used for bone repair due to its remarkable combination of biocompatibility, mechanical strength and degradation profile \[[@B9-materials-13-02908],[@B25-materials-13-02908]\]. In previous studies, Boccaccini et al. \[[@B26-materials-13-02908],[@B27-materials-13-02908],[@B28-materials-13-02908],[@B29-materials-13-02908],[@B30-materials-13-02908]\] developed composite scaffolds based on a PDLLA matrix filled with 45S5 Bioglass^®^ particles. These scaffolds showed increased cell attachment, proliferation and differentiation, as well as angiogenic potential \[[@B26-materials-13-02908],[@B27-materials-13-02908],[@B28-materials-13-02908],[@B29-materials-13-02908],[@B30-materials-13-02908]\]. Metal-doped bioactive glasses have been also incorporated into a PDLLA matrix. For instance, PDLLA scaffolds filled with Cu- and Zn-doped glass particles were recently prepared, showing cytocompatibility, antibacterial capacity and enhanced activity of the angiogenic and osteogenic biomarkers vascular endothelial growth factor (VEGF) and alkaline phosphatase (ALP), respectively \[[@B31-materials-13-02908]\].

In order to evaluate the suitability of these types of polymer scaffolds filled with metal-doped bioactive glasses as bone material candidates for clinical application, it is necessary to completely understand a set of key physicochemical properties, beyond the biological responses, that can provide input about the correct application of the implant material and its performance. Among these properties, it is important to evaluate the surface reactivity and its ability to attach to bone through the stimulation of biomineralization. Moreover, the study of the porous structure, mechanical properties and degradation profile would provide relevant input about the correct bone site that can be treated with the biodegradable material trying to match the properties of the natural bone.

Studies have described the effect of bioactive glass particles on the above-mentioned properties of poly (lactic acid)-based scaffolds \[[@B26-materials-13-02908],[@B27-materials-13-02908],[@B28-materials-13-02908]\]. Additionally, these studies have shown that the final properties of the composite scaffold will depend on the physicochemical characteristics of the glass particles and the percentage of incorporation into the polymer matrix \[[@B26-materials-13-02908],[@B29-materials-13-02908],[@B32-materials-13-02908],[@B33-materials-13-02908]\]. In turn, despite the large amount of studies testing the effect of bioactive glasses doped with therapeutic ions on the biological response of different biodegradable polymers, the effect of the doping on the physicochemical behavior of the composites has been barely studied. Therefore, it becomes important to evaluate the effect of doping agents used in silicate glass particles on the final physicochemical properties of the composite scaffolds. In particular, the effect of metal-doped glasses, specifically Cu- and Zn-doped glasses, on important properties such as the porous structure, the capacity to form apatite, the mechanical properties and the degradation behavior of poly (lactic acid)-based scaffolds has not been studied to the best of our knowledge.

In this study, the effect of the incorporation of Cu-, Zn- and CuZn-doped bioactive glass particles (10 and 30 wt.%) on the ability to form apatite after immersion in SBF, the compression properties and degradation behavior of a PDLLA porous matrix were evaluated. The present study aims to understand the influence of these Cu- and Zn-doped bioactive glass particles and the co-doped glass with both Cu and Zn on the in vitro reactivity of PDLLA scaffolds, and provide insights for the design of these types of multifunctional scaffolds based on mechanical properties and degradation requirements.

2. Materials and Methods {#sec2-materials-13-02908}
========================

2.1. Materials {#sec2dot1-materials-13-02908}
--------------

A racemic poly(D, L-lactide) (PDLLA) polymer with a molecular weight of Mw = 406,000 g/mol, an inherent viscosity of 2.0 dL/g, and a density of 1.26 g/cm^3^ was provided by Corbion-Purac Biochem and used without further processing. Dimethyl carbonate (DMC; \>99%; Sigma-Aldrich, Sheboygan Falls, WI, USA) was used as a solvent. Sodium chloride (NaCl) crystals with a particle size between 100 and 400 µm were used as a porogen for the polymer matrix. Bioactive glasses with compositions 60SiO~2~-25CaO-11Na~2~O-4P~2~O~5~ (mol.%) (BG), BG doped with 1 mol.% of CuO (CuBG) or ZnO (ZnBG), and co-doped with both metals (CuZnBG) were synthesized by the sol-gel method described in \[[@B22-materials-13-02908]\], and used as the bioactive phase in the preparation of the PDLLA composite scaffolds. Briefly, the sol was obtained from the hydrolysis of tetraethyl orthosilicate (TEOS; 98%; Aldrich, Wuxi, China), along with the addition of the other reagents sequentially every 45 min under constant stirring. Triethylphosphate (TEP; 99.8%; Sigma-Aldrich, Milwaukee, WI, USA), sodium nitrate (99.5%; Riedel-de Häen AG, Seelze, Germany) and calcium nitrate tetrahydrate (99%; Merck, Darmstadt, Germany) were used to obtain the composition of the un-doped glass. Additionally, copper nitrate trihydrate (99.5%; Merck, Darmstadt, Germany) and zinc nitrate tetrahydrate (98.5%; Merck, Kenilworth, NJ, USA) were further added to obtain the metal-doped glasses. An additional 60 min of mixing were let after the last reagent. The resulting sols were poured into high density polyethylene (HDPE) containers and stored for 3 days at room temperature (RT). Afterwards, the gels were dried at 60 °C for 3 days and 130 °C for 2 days. The dried gels were crushed using an analytic mill (Cole-Parmer, Vernon Hills, IL, USA) at 20.000 rpm for 30 s and subsequently heated at 700 °C for 3 h in an electric furnace with a heating rate of 5 °C/min and cooled to RT inside the furnace under oxidizing atmosphere (air). Finally, all the synthesized glasses were manually ground using an agate mortar and then sieved through a 400-mesh sieve (particle sizes \< 37 μm). The resulting glass particles used in this study showed an irregular shape and average particle size of about 10 µm \[[@B22-materials-13-02908]\]. These glass chemical compositions were selected by their potential properties for bone regeneration as described in previous studies \[[@B22-materials-13-02908],[@B31-materials-13-02908]\].

2.2. Production of PDLLA/Metal-Doped Bioactive Glass Porous Scaffolds {#sec2dot2-materials-13-02908}
---------------------------------------------------------------------

The neat PDLLA and PDLLA/Cu-, Zn- and CuZn-doped glass scaffolds were produced by both lyophilization and salt-leaching methods, as described elsewhere \[[@B31-materials-13-02908]\]. Briefly, a polymer solution was obtained by dissolving the PDLLA pellets in DMC solvent under magnetic stirring for 2 h at RT. A polymer weight to a solvent volume ratio of 8% (*w*/*v*) was used. The un-doped and metal-doped glass particles (10 or 30 wt.%) were added to the polymer solution, and this resulting mixture kept under mixing for 30 min. Then, it was sonicated for further 15 min to break up glass agglomerates and ensure a homogeneous distribution of the glass particles throughout the solution. These percentages of glass incorporation, 10 and 30 wt.%, were chosen after analyzing the results previously reported for composite materials based on PDLLA with similar concentrations of 45S5 glass and their potential to generate a relevant combination of these properties (apatite formation, degradation, and mechanical properties) \[[@B26-materials-13-02908],[@B27-materials-13-02908],[@B28-materials-13-02908]\]. After the glass incorporation, the porogen particles (NaCl crystals) was added to the suspension (NaCl to polymer weight ratio of 9:1) and stirred for 30 min. This resulting mixture was then poured into a polytetrafluoroethylene (PTFE) mold and maintained in a deep freezer at −80 °C for 3 h before freeze-drying for 24 h. After the lyophilization period to extract the DMC solvent, the scaffolds were immersed in distilled water for 48 h to completely dissolve the salt crystals and leave a porous structure. Water was changed each 4 h to avoid salt saturation. Finally, the resulting porous discs of 150 mm (diameter) × 4.5 mm (thickness) were dried at 30 °C for 48 h under vacuum. The scaffolds were cut using double-edged foil razor blades prior to material characterization. The composite materials based on PDLLA filled with 10 wt.% of glass particles were labeled as PLA/10-BG, PLA/10-CuBG, PLA/10-ZnBG and PLA/10-CuZnBG. Similarly, those with 30 wt.% of particles were called PLA/30-BG, PLA/30-CuBG, PLA/30-ZnBG and PLA/30-CuZnBG.

2.3. Characterization {#sec2dot3-materials-13-02908}
---------------------

### 2.3.1. Scaffold Porosity {#sec2dot3dot1-materials-13-02908}

The theoretical porosities were calculated using the equation: *p =* 1 − (*ρ*/*ρ*~0~), where *ρ* is the apparent density and *ρ*~0~ is the density of the non-porous composite material \[[@B32-materials-13-02908]\].

The apparent density *ρ* was calculated from the mass to volume ratio of the scaffold specimens. The specimen volume was obtained from the sample dimensions (height, width, and depth) (*n* = 9). In addition, *ρ*~0~ was calculated from the rule of mixtures expressed in the equation: *ρ*~0~ = 1/((X~g~/*ρ*~g~) + (X*~p~*/ *ρ~p~*)) \[[@B32-materials-13-02908]\], where X~g~ and X*~p~* are the glass and polymer weight fractions in the composite, and *ρ*~g~ and *ρ~p~* are their densities, respectively.

The glass densities were measured using a pycnometer. Briefly, the weight of the dry and empty pycnometer was measured (W~1~), then 0.3 g of each glass sample were added to the pycnometer and weighed (W~2~). Water was added to the pycnometer containing the glass sample and weighed again (W~3~). Finally, the pycnometer was emptied, cleaned and filled only with water and its weight was recorded (W~4~). Measurements were repeated three times for each glass. The density was calculated from the formula: *ρ*~g~ = ((W~1~ − W~2~)/(W~4~ − W~1~) − (W~3~ − W~2~)) *ρ*~L~, where *ρ*~L~ is the density of water (1 g/cm^3^). The glass density results are presented as average value ± standard deviation.

The polymer density (*ρ~p~* = 1.26 g/cm^3^) was obtained from the manufacturer. The pore morphologies and sizes were evaluated by scanning electron microscopy (SEM, FEI Quanta 250) at 20 kV. Before SEM analysis, scaffold specimenes were cut throught their cross section using a double-edged foil razor blade, attached on a carbon film and coated with a thin layer of gold using a SEM coating unit operated with a current of 30 mA for 60 s under an inert atmosphere.

### 2.3.2. Mechanical Evaluation {#sec2dot3dot2-materials-13-02908}

Mechanical compression tests were performed at a loading rate of 1 mm/min using a testing machine Zwick Z050 with a load cell of 1 kN. Specimens with dimensions of (10 × 10 × 4.5) mm were tested and the stress--strain curves were obtained for each type of scaffold. The Young's modulus was calculated from slope of the stress--strain curve before the onset of the yield point (elastic linear region), and the compression strength was presented as the stress measured at 10% relative deformation as described by the International Organization for Standardization (ISO) 844:2014 and American Society for Testing and Materials (ASTM) D1621:2000 standards \[[@B33-materials-13-02908],[@B34-materials-13-02908]\]. The results were expressed as the mean ± standard deviation (SD) for *n* = 5.

### 2.3.3. In Vitro Bioactivity Evaluation in Simulated Body Fluid (SBF) {#sec2dot3dot3-materials-13-02908}

In order to evaluate the in vitro apatite formation on the scaffolds, a SBF solution was prepared following the protocol described by Kokubo et al. \[[@B20-materials-13-02908]\]. An immersion step, whereby air was displaced within the foam specimens using vacuum for 10 min, was a critical preconditioning step for the in vitro studies. Otherwise, the foams floated and the test fluids could not interact effectively with whole scaffold's surface. One specimen of each type of scaffold with dimensions (10 × 10 × 4.5) mm was immersed in 35 mL of SBF allowing a ratio of about 0.001 g/mL. Samples were kept in SBF for 1, 7, 14 and 28 days (one specimen per soaking time) under constant stirring at 120 rpm and 37 °C. For the specimens immersed for 14 and 28 days, their SBF solutions were changed every seven days to maintain a suitable ion concentration in the medium. After each soaking time, the specimens were removed from their containers and gently rinsed with distilled water. Then, the scaffold specimens were dried under vacuum at 30 °C for 24 h (Vacutherm, VT6060, Thermo Scientific, Wohlen, Switzerland). Finally, the dried scaffolds were characterized by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), X-ray diffraction (XRD) and scanning electron microscopy with energy dispersive X-ray analysis (SEM/EDX) to evaluate the apatite formation on the scaffold surface. The XRD analysis was performed using a Bruker model D8 Advance x-ray diffractometer equipped with a lineal detector LynxEye, CuKα radiation λ = 1.5418 Å, nickel filter system and variable slit. The diffractometer was operated at 40 kV, 30 mA and a 2θ range of 20--50°, using coupled scanning with a step size of 0.02° s^−1^. The FTIR measurements were taken using an ATR-FTIR, Nicolet 6700 Thermo Scientific spectrometer (Waltham, MA, USA) in the spectral range 4000--400 cm^−1^ (data shown between 2000 and 400 cm^−1^ for better visualization of the bands of interest) with 64 scans at a resolution of 4 cm^−1^ and using a window of Caesium iodide (CsI). For the SEM analysis, the specimens were previously coated with a gold layer as described previously for porosity evaluation.

### 2.3.4. Degradation Studies in Phosphate Buffer Solution (PBS) {#sec2dot3dot4-materials-13-02908}

A phosphate buffer solution (PBS) was used for the degradation studies to prevent the apatite formation avoiding misleading results, for instance, measurements of both weight and pH changes. A preconditioning step using vacuum was performed to ensure a complete immersion of the foams in PBS and its effective interaction with all the pore surfaces. Specimens of dimensions (10 × 10 × 4.5) mm were immersed in 10 mL of PBS and maintained for 1, 7, 14, 28, 60 and 120 days in a shaking incubator at 37 °C and 120 rpm. The PBS medium was changed every 30 days only for the samples soaked for 60 and 120 days. No PBS change was performed for the samples soaked for 1, 7, 14 and 28 days. After each immersion time, water absorption, weight loss and pH change were assessed. Briefly, these properties were calculated by weighing the samples before immersion in PBS (*W~i~*), immediately post-incubation performing previous blotting (Kimtech™ Science Kimwipes, Kimberly Clark wipes, Roswell, GA, USA) to eliminate the excess of PBS (*W~w~*) and after drying in a vacuum oven at 30 °C for 24 h (*W~d~*). The water absorption (WA, %) and weight loss (WL, %) of the specimens were calculated according to the equations: WA = ((*W~w~* − *W~i~*)/*W~i~*) × 100, and WL = ((*W~i~* − *W~d~*)/*W~i~*) × 100, respectively.

The result of WA and WL were expressed as mean ± standard deviation (SD) with *n* = 3.

3. Results and Discussion {#sec3-materials-13-02908}
=========================

3.1. Porosity and Pore Morphology {#sec3dot1-materials-13-02908}
---------------------------------

Porous PDLLA composite foams were prepared by lyophilization and subsequent porogen leaching. The glass densities used to calculate the density of the non-porous composite material had the following values for each type of bioactive glass composition: BG = 2.00 (±0.02), CuBG = 2.62 (±0.02), ZnBG = 2.59 (±0.01), and CuZnBG = 2.50 (±0.02) (g/cm^3^). The apparent density (*ρ*), the density of the non-porous composite material (*ρ*~0~) and the porosity of the scaffolds (*p*) values are shown in [Table 1](#materials-13-02908-t001){ref-type="table"}. The results listed in [Table 1](#materials-13-02908-t001){ref-type="table"} show that both densities, *ρ* and *ρ*~0~, increased proportionally with the amount of glass particles incorporated into the PDLLA scaffold, which shows that incorporating a material with higher density, ceramic material like bioactive glass, into a polymer matrix (substituting polymer mass) would increase the density of the composite material proportional to the amount of the ceramic phase and its density as has also been reported previously for similar poly (lactic acid)/bioactive glass systems \[[@B28-materials-13-02908],[@B35-materials-13-02908],[@B36-materials-13-02908]\]. Scaffolds filled with the metal-doped glasses exhibited higher densities than the scaffold filled with the un-doped glass, which was also consistent with the higher density of the metal-doped glasses.

The calculated theoretical porosity showed high values for all the scaffolds prepared, reaching values around 93% with no significant effect of the incorporation of the glass particles. These porosities are suitable for bone regeneration applications allowing the cell and vascular growth within the full volume of the scaffolds, as reported previously \[[@B24-materials-13-02908],[@B37-materials-13-02908]\].

The pore morphology shown in [Figure 1](#materials-13-02908-f001){ref-type="fig"} presented some differences through the thickness of the samples represented by three zones called Z1, Z2, and Z3 ([Figure 1](#materials-13-02908-f001){ref-type="fig"}a). Z1 is located at the top of the sample (around 25% of the thickness of the sample) and is characterized by a highly anisotropic structure composed of elongated pores, which is characteristic of the freeze-drying process (lyophilization), meaning that the NaCl particles sank from this zone before the sample will freeze. This type of tubular or elongated structures has also been obtained by other researchers using freeze-drying processes \[[@B28-materials-13-02908]\]. Z2 is the largest zone, occupying around 72% of the thickness, and is composed of more regular pores with sizes between 100 and 400 µm arising from the space left by the dissolved salt crystals. Moreover, these pores were interconnected with smaller pores with sizes between 10 and 60 µm ([Figure 1](#materials-13-02908-f001){ref-type="fig"}c). The obtained pore sizes are in a range that has shown relevant effects on bone and vascular growth, facilitating the nutrients, oxygen and wastes transport as well as cell communication \[[@B9-materials-13-02908],[@B38-materials-13-02908],[@B39-materials-13-02908],[@B40-materials-13-02908],[@B41-materials-13-02908]\]. The last zone, Z3, it is a dense thin layer of around 20 µm produced by the wetting of the polymer solution on the mold surface. The same zones were observed for the composite scaffolds with 10 wt.% and 30 wt.% of glass particles, although the presence of the filler changed their dimensions as observed in [Figure 1](#materials-13-02908-f001){ref-type="fig"}b for the PLA/30-BG sample. In this case, Z1 was reduced to 20% of the thickness while Z2 increased to 78%, which is likely due to the restriction of the salt crystals movement by the glass particles before freezing.

The pore sizes and interconnected structure in the composite scaffold ([Figure 1](#materials-13-02908-f001){ref-type="fig"}d) did not show significant differences with those in the neat PDLLA scaffold ([Figure 1](#materials-13-02908-f001){ref-type="fig"}c). However, the pore walls in both composite scaffolds with 10 wt.% and 30 wt.% ([Figure 1](#materials-13-02908-f001){ref-type="fig"}d) glass particles had a more irregular or distorted morphology generated by the glass particles hindering the phase separation and crystallization during the cooling of the solvent, as has been reported by other studies in similar systems \[[@B27-materials-13-02908],[@B42-materials-13-02908],[@B43-materials-13-02908],[@B44-materials-13-02908]\]. The SEM images in [Figure 1](#materials-13-02908-f001){ref-type="fig"}e,f showed some particles both on the pore wall surface and embedded in the polymer matrix of the PLA/30-BG scaffold, respectively (indicated by arrows). A compositional analysis by EDX was performed to these particles (insert in [Figure 1](#materials-13-02908-f001){ref-type="fig"}f) in order to confirm that those particles are certainly the glass particles. The presence of glass particles on the pore wall surface is important to confer both bioactivity to the PDDLA scaffold and an early release of therapeutic ions like Cu^2+^ and Zn^2+^ ions, while the bioactive glass particles embedded in the polymer matrix could permit long-term bioactivity as the scaffold degrades.

3.2. Mechanical Properties {#sec3dot2-materials-13-02908}
--------------------------

The compression stress--strain curves of the scaffold samples containing 0, 10 and 30 wt.% glass particles are shown in [Figure 2](#materials-13-02908-f002){ref-type="fig"}. All curves show the typical behavior of a compression test performed to a foam structure, as reported elsewhere \[[@B26-materials-13-02908],[@B45-materials-13-02908]\]. At low stresses, an elastic linear zone (I)Associated with the elastic deformation of the dense material forming the pore walls. This elastic deformation is reversible meaning that the polymer chains return to their equilibrium position when the stress is retired. After around 5--8% of strain, this elastic zone gradually disappears without a defined yield point because of the high porosity of these scaffolds. This transition indicates a second zone(II)Characterized by a change in the stress variation with the deformation due to the bending of the pore walls and their plastic deformation \[[@B46-materials-13-02908]\]. Ending the plastic deformation, the pore structure collapses starting a third zone(III)ICharacterized by the densification of the specimen at around 30--40% deformation. This denser specimen can support more load, and thus the compressive strength becomes notably higher with an exponential behavior.

By using these stress--strain curves it was possible to obtain two important mechanical properties of the scaffolds, such as the compressive strength and the Young's modulus (elastic modulus). The inserts in [Figure 2](#materials-13-02908-f002){ref-type="fig"} further show the enlarged images of the first zone (I) or the elastic zone up to 10% of deformation from where these properties were calculated, as summarized in [Table 2](#materials-13-02908-t002){ref-type="table"}. The Young's modulus was obtained by calculating the curve slope from the elastic zone and the compression strength was obtained from the maximum stress reached at 10% of deformation. The scaffold with 10 wt.% of the un-doped glass (BG) increased the compression strength of the PDLLA scaffold by 56% while scaffolds with a higher amount of this glass (30 wt.%) did not have a significant improvement on this property. In general, the incorporation of either Cu- and Zn-doped glass particles did not have any significant effect on these mechanical properties. The reinforcement effect of the particles on the polymer matrix could have been affected by particle agglomeration or changes in the glass particle--polymer interface due to the different properties of the un-doped and metal-doped particles, such as density and specific surface area \[[@B22-materials-13-02908]\]. The compression strength values obtained in this study for highly porous PDLLA scaffolds and their composites containing bioactive glass particles were in the same order of magnitude to those obtained previously in other studies for similar systems \[[@B26-materials-13-02908],[@B29-materials-13-02908]\]. Regarding the elastic modulus, incorporation of 10 wt.% of glass particles into the PDLLA scaffold led to increases as high as 130%, compared with the neat PDLLA scaffold due to the higher modulus of the glass particles (ceramic material) and the load transfer mechanism, as have been reported in other studies \[[@B26-materials-13-02908],[@B44-materials-13-02908],[@B46-materials-13-02908]\]. A higher number of glass particles (30 wt.%) did not generate any additional improvement. The elastic moduli exhibited by the prepared composite scaffolds were smaller than the elastic modulus of the trabecular bone (around 10^5^ kPa) \[[@B47-materials-13-02908]\], because of the high porosity and the irregular interconnectivity of the pores in these scaffolds.

In general, better reinforcement or improved mechanical properties were not achieved by adding 30 wt.% of glass particles due to the greater likelihood of particle agglomeration and defects in the glass particle--polymer interfaces inside the irregular and distorted pore walls \[[@B29-materials-13-02908],[@B43-materials-13-02908],[@B48-materials-13-02908],[@B49-materials-13-02908]\].

Considering the obtained mechanical properties, these type of scaffolds would be suitable for low-load-bearing applications, such as repair of small bone defects in orbital floor fractures or guided tissue regeneration membranes in periodontal disease \[[@B49-materials-13-02908],[@B50-materials-13-02908],[@B51-materials-13-02908]\].

3.3. Apatite Formation in SBF {#sec3dot3-materials-13-02908}
-----------------------------

The evaluation of the apatite formation on scaffold surfaces after 1, 7, 14 and 28 days of immersion in SBF was carried out using the XRD, ATR-FTIR and SEM techniques. [Figure 3](#materials-13-02908-f003){ref-type="fig"} shows the effect of the immersion in SBF on apatite formation evaluated by XRD for the neat PDLLA, PLA/10-BG and PLA/30-BG scaffolds.

The scaffolds did not show any characteristic peaks from the PDLLA matrix due to the amorphous structure of this polymer \[[@B28-materials-13-02908],[@B52-materials-13-02908]\]. However, all scaffolds displayed the main peaks for Halita (NaCl, JCPDS 5-0628) at 2θ = 31.7° and 45.5°, associated with residues from the salt crystals used as a porogen. These peaks from NaCl crystals disappeared after immersion in SBF meaning the salt dissolution. Another phase present in the scaffolds was the calcium carbonate (CaCO~3~, JCPDS 01-085-1108) from the glass carbonation, although this phase was also dissolved during immersion. The neat PDLLA scaffold immersed for 28 days ([Figure 3](#materials-13-02908-f003){ref-type="fig"}a) did not develop the characteristic peak of crystalline apatite at 2θ = 25.9°. However, a small peak around 2θ = 32° was observed indicating the formation of a calcium phosphate (CaP). The presence of CaP suggests the diffusion of ions from the SBF to the polymer surface forming this phase (biomineralization) \[[@B53-materials-13-02908]\].

The PDLA/10-BG sample showed the crystallization of apatite after seven days in SBF represented by the main peaks at 2θ = 25.9° and 32° ([Figure 3](#materials-13-02908-f003){ref-type="fig"}b) likely arising from the glass particles exposed on the scaffold surface. For longer immersion times, the characteristic peaks of the apatite showed a larger intensity. Moreover, other peaks of the apatite phase at 2θ = 46.7° and 49.5° were observed. The crystalization of apatite increased with higher amount of glass particles into the polymer matrix, which was evidenced by the larger intensity of the apatite peaks in the XRD pattern of the PLA/30-BG scaffold compared to those of the PLA/10-BG scaffold ([Figure 3](#materials-13-02908-f003){ref-type="fig"}c). Therefore, BG incorporation provides bioactivity to the polymer scaffold by formation of an apatite layer and this bioactivity proportionally increases with the amount of bioactive glass in the scaffold. Other studies have also found results consistent with this behavior \[[@B42-materials-13-02908],[@B44-materials-13-02908]\].

[Figure 4](#materials-13-02908-f004){ref-type="fig"} shows the diffractograms for the scaffolds with 10 and 30 wt.% of the Cu-, Zn- and CuZn-doped glasses after immersion in SBF for 7 and 28 days.

The metal-doped glasses also provided bioactivity to the PDLLA matrix depending on both the immersion time in SBF and amount of bioactive glass particles. Nevertheless, while the PLA/10-BG scaffold showed apatite formation after 7 days of immersion in SBF, the PLA/10-CuBG, PLA/10-ZnBG and PLA/10-CuZnBG scaffolds did not show clear evidence of the peaks of apatite at this immersion time ([Figure 4](#materials-13-02908-f004){ref-type="fig"}a), thus showing a lower apatite formation by the incorporation of metal-doped glasses than that generated by the un-doped glass. The lesser degree of apatite crystallization on the scaffolds filled with Cu- and Zn-doped glasses compared to that of the scaffold with the un-doped glass can be explained by the greater chemical stability and density (higher network connectivity) of these metal-doped glasses compared to the un-doped glass. In a previous work, we showed a lower dissolution and ion release rate in the metal-doped glass particles and a subsequent delay or inhibition of the apatite formation as compared with the un-doped particles \[[@B22-materials-13-02908]\]. For instance, the un-doped glass released about 320 ppm of Ca after 7 days of immersion in SBF, while the Cu- and Zn-doped glasses released between 100 and 150 ppm of Ca having a direct negative effect on the apatite formation \[[@B22-materials-13-02908]\]. The decrease in the capacity to form apatite by the metal-doped glasses has been also explained by the competition for nucleation active sites between Cu^2+^ and Zn^2+^ with Ca^2+^ and PO^4−^ during the apatite formation process \[[@B22-materials-13-02908]\].

At 28 days in SBF ([Figure 4](#materials-13-02908-f004){ref-type="fig"}b), all scaffolds with metal-doped glasses showed the peaks of the crystalline apatite including peaks at 2θ = 32.9°, 34.1°, and 39.8° for the PLA/10-BG and PLA/10-CuBG scaffolds. By increasing the amount of glass particles, these scaffolds showed increased bioactivity ([Figure 4](#materials-13-02908-f004){ref-type="fig"}c,d). It was also observed that the presence of Zn-doped glasses in the scaffolds generated a lower apatite formation than the presence of Cu-doped glasses, which was also described for pure Zn- and Cu-doped glasses in our previous study \[[@B22-materials-13-02908]\]. The stronger apatite inhibition generated by Zn as a glass doping agent compared to Cu is a result of their different type of coordination (tetrahedral or octahedral) and bond geometries in the glass structure, which would affect the dissolution and ion leaching of the resulting glasses \[[@B22-materials-13-02908]\]. Zn is able to strongly bind to the glass network forming stable tetrahedral structures (Zn--O--Zn or Zn--O--Si) and more chemically stable glass structures \[[@B54-materials-13-02908],[@B55-materials-13-02908],[@B56-materials-13-02908]\]. Otherwise, no evidence of Cu--O--Si bond formation and no connection of Cu to the glass network has been found, meaning that Cu only participates as a glass modifier with octahedral coordination and weaker bonds in the glass network \[[@B57-materials-13-02908],[@B58-materials-13-02908],[@B59-materials-13-02908]\]. Therefore, the glass structure produced by the incorporation of Cu is less chemically stable, and hence with higher dissolution and ion release activity to form apatite than that generated by the incorporation of Zn \[[@B22-materials-13-02908]\]. For instance, in our previous work, the Cu and Zn release from this type of composite scaffolds was evaluated, finding that the release of Cu ions from the composite scaffolds was up to 30 times higher than the release of Zn ions. This demonstrates that the Cu-doped glasses are less chemically stable, and therefore with larger capacity for dissolution and ion release \[[@B31-materials-13-02908]\].

The NaCl and CaCO~3~ phases were also present, showing progressive dissolution with the immersion time.

The apatite formation on the scaffolds evaluated by XRD was also confirmed using the ATR-FTIR technique after immersion in SBF for 7 and 28 days ([Figure 5](#materials-13-02908-f005){ref-type="fig"}). All the ATR-FTIR spectra showed the characteristic bands of the PDLLA matrix at 750 and 865 cm^−1^ (CH bond), 1045, 1080, 1129, 1181 and 1267 cm^−1^ (---CO-O- ester group), 1383 and 1452 (CH~3~), and 1747 cm^−1^ (C = O carboxylic groups) \[[@B49-materials-13-02908],[@B60-materials-13-02908]\]. For the glass-containing scaffolds, the band at 1045 cm^−1^ representing the Si--O--Si bond from the glass structure was overlapped with the ester group bands from PDLLA. PDLLA scaffolds did not show the characteristic bands of crystalline apatite at 560 and 602 cm^−1^ (P---O bond's antisymmetric bending) after SBF immersion \[[@B61-materials-13-02908],[@B62-materials-13-02908]\]. However, a small signal in this same region was observed, corresponding possibly to the biomineralization (CaP) described by the XRD results. Otherwise, all the composite scaffolds filled with the un-doped bioactive glass exhibited the characteristic bands of the crystalline apatite phase at 560 cm^−1^ and 602 cm^−1^ after 7 and 28 days of immersion in SBF being consitent with the XRD results. The delayed crystallization of apatite on the scaffolds with metal-doped glasses compared to those with the un-doped glass was also observed. Furthermore, the presence of the Zn-doped glass diminished even more the crystallization of apatite compared to the use of the un-doped, Cu- and CuZn-doped glasses, as was evident the disappearance of the band at 602 cm^−1^ for most of the spectra of scaffolds with the Zn-doped glass. As described above, the stronger apatite inhibition in Zn-doped glasses compared to Cu-doped glasses is originated by the difference of intermolecular forces and bond geometries of Cu and Zn in the glass network, which generates more stable glass structures with lesser dissolution and leaching activity for Zn-doped glasses \[[@B22-materials-13-02908]\]. Other studies have discussed that the strong inhibition of the apatite formation caused by Zn doping is due to the presence of Zn^2+^ ions in the active growth site of apatite which decelerate its crystallization \[[@B63-materials-13-02908],[@B64-materials-13-02908]\].

The effect of both the incorporation of bioactive glass particles into PDLLA scaffolds and the type of metal-doped glass on apatite formation upon immersion in SBF was evaluated using SEM. [Figure 6](#materials-13-02908-f006){ref-type="fig"} shows the surface of PDLLA, PLA/30-BG, PLA/30-CuBG, PLA/30-ZnBG and PLA/30-CuZnBG scaffolds after 28 days in SBF.

The PDLLA scaffold after 28 days in SBF ([Figure 6](#materials-13-02908-f006){ref-type="fig"}a) presented mainly a smooth surface similar to that showed before immersion in SBF ([Figure 1](#materials-13-02908-f001){ref-type="fig"}c). However, some scattered zones with small precipitates like apatite granules or globoids with needle-like crystals on the surface were observed. These biomineralized zones were composed of Ca and P according to the EDX ([Figure 6](#materials-13-02908-f006){ref-type="fig"}a), being consistent with the XRD and FTIR results. These apatite granules have also been described by other studies on similar PLLA scaffolds after immersion in SBF for 28 days \[[@B53-materials-13-02908]\]. The PLA/30-BG scaffold ([Figure 6](#materials-13-02908-f006){ref-type="fig"}b) showed a remarkable reactivity on the pore walls characterized by the rapid formation of apatite granules with needle-like crystals on the surface. The chemical composition of these apatite granules analyzed by EDX showed a spectrum without the presence of Si and with different intensities ratio between the Kα peaks of Ca and P compared with the spectrum of the composite scaffold before SBF ([Figure 1](#materials-13-02908-f001){ref-type="fig"}f). The EDX analysis after SBF showed an estimated Ca/P ratio (atomic ratio%) of about 1.6 for the apatite zones. Polymer scaffolds filled with the Cu-, Zn- and CuZn-doped glasses showed surfaces with lesser degree of apatite-like granules formation, which can be due to a lower surface reactivity from the metal-doped glasses compared to that showed by the un-doped glass \[[@B22-materials-13-02908],[@B31-materials-13-02908]\], confirming thus the results obtained by XRD and FTIR analysis. Nevertheless, all composite scaffolds showed reactivity in the areas around the glass particles. For instance, [Figure 6](#materials-13-02908-f006){ref-type="fig"}c shows the surface of the PLA/30-CuBG scaffold with the formation of apatite granules around the glass particles. PLA/30-ZnBG ([Figure 6](#materials-13-02908-f006){ref-type="fig"}d) scaffold also showed reactivity around glass particles, but not all the particles exhibited apatite formation due to the lower dissolution and leaching activity of this Zn-doped glass. Finally, PLA/30-CuZnBG ([Figure 6](#materials-13-02908-f006){ref-type="fig"}e) also showed surface reactivity and apatite formation. The estimated Ca/P ratio (atomic% ratio) determined from the EDX analysis of the apatite zones on these scaffolds filled with metal-doped glasses was found about 2, indicating probably an apatite with a different stoichiometry due to differences in the dissolution rate, ion release profiles and ion adsorption, as described elsewhere \[[@B22-materials-13-02908]\]. Cu and Zn were not observed in the EDX spectra of the scaffolds filled with metal-doped glasses (data not shown), which can be explained by the low concentration of these elements as CuO and ZnO in the glass structure (1 mol.% or \~1.3 wt.%) and the low release of Cu and Zn from these types of scaffolds (less than 10 ppm for Cu and 1 ppm for Zn up to 21 days), according to our previously reported study \[[@B31-materials-13-02908]\]. This low concentration and release of Cu and Zn make difficult to detect these ions in the apatite layer, which is mainly based on Ca and P, and the concentrations of Cu and Zn are expected to be below the regular detection limit of EDX (about 0.1 wt.% or 1000 ppm) \[[@B65-materials-13-02908]\].

Based on the results in [Figure 6](#materials-13-02908-f006){ref-type="fig"}, it is possible to conclude that the apatite formation on the composite scaffolds depended on the leaching activity and dissolution of the bioactive glass particles. In particular, glass particles exposed on the pore surface react first because of their direct contact with SBF. The glass dissolution over time can generate holes in the glass particle--polymer interfaces allowing the contact of the SBF with the embedded glass particles, which provides long-term bioactivity.

The results from XRD, ATR-FTIR and SEM/EDX analyses showed in general that bioactive glass inclusions promote apatite formation on PDLLA scaffolds after immersion in SBF. The leaching activity level, type and amount of apatite of the composite scaffolds depended on both the presence of Cu and Zn ions and the amount of bioactive glass particles incorporated. For instance, in scaffolds with 30 wt.% of bioactive glass the extent of apatite formation, classified from high to low, was found in scaffolds: PLA/30-BG, PLA/30-CuBG, PLA/30-CuZnBG, and PLA/30-ZnBG. For future studies, it would be interesting to study the incorporation of both the un-doped glass particles and some Cu-, Zn- or CuZn-doped particles into the same composite scaffold to allow the combination of increased initial apatite formation from the un-doped glass and delayed apatite formation and sustained therapeutic/antibacterial activity from the metal-doped glasses, which will help to advance on the design of tailored multifunctional scaffolds for bone regeneration.

3.4. Degradation Behavior {#sec3dot4-materials-13-02908}
-------------------------

The degradation behavior of the scaffolds was evaluated after immersion in PBS for 1, 7, 14, 28, 60 and 120 days measuring the weight loss and pH changes. Before the immersion treatment, a preconditioning step using a vacuum was performed to ensure the effective interaction of the PBS with all pore surfaces. All the scaffold samples had a large water absorption, between 550--750%, compared to their initial weights, which is a result consistent with their high percentage of interconnected porosity (around 93%).

[Figure 7](#materials-13-02908-f007){ref-type="fig"} shows the weight loss of the scaffolds based on the neat PDLLA and the composites with 10 wt.% and 30 wt.% of glass particles during the immersion in PBS. All the scaffolds presented initially a negative percentage of weight loss, which meant a higher final weight than the initial weight of the dry sample due to the trapped water that was strongly absorbed inside very small pores or capillaries of the polymer and the glass particles \[[@B29-materials-13-02908]\], or that was interacting with the polymer chains. This trapped water was difficult to extract during the drying process at 30 °C for 24 h after the immersion period. Moreover, even drying the samples for three days, no significant difference in the extraction of trapped water was observed. However, the weight loss for all scaffold samples increased over time indicating that the scaffolds were losing weight because of degradation. For instance, PDLLA scaffold started with a negative weight loss of \~4.9% and after 60 days of immersion the weight loss became 0%, and after 120 days this was of 1.1%. These values indicated distortion of the porous structure during the first 60 days allowing the extraction of the trapped water, and a slight weight loss (1.1%) by degradation at 120 days. Other studies have described a weight loss for PDLLA scaffolds between 1% and 2% during immersion of around 70 days associated with the generation of oligomers and a subsequent surface erosion \[[@B28-materials-13-02908],[@B29-materials-13-02908]\].

The PLA/10-BG composite scaffold presented a negative weight loss after the first day of immersion, but at 7 days it exhibited a positive value of weight loss, reaching 9.3% at 120 days. This meant that this scaffold lost mass mainly by the partial dissolution of the BG particles, along with the contribution of the polymer degradation (around 1.1% of weight loss at 120 days), as described above. Additionally, it has been discussed in other studies that the presence of bioactive ceramic particles could also promote the polymer degradation by hydrolysis due to the higher absorption and retention of water along with the distortion of the pore wall in the glass particle--polymer interface, thus increasing the contribution of the polymer degradation to the total degradation of the composite scaffold \[[@B66-materials-13-02908],[@B67-materials-13-02908],[@B68-materials-13-02908]\]. [Figure 8](#materials-13-02908-f008){ref-type="fig"}a,b show the difference in the pore walls between the neat PDLLA and PLA/10-BG scaffolds after 120 days of immersion in PBS, confirming the distortion of the pore wall and the formation of glass particle--polymer interfaces in the PLA/10-BG scaffold. Koort et al. \[[@B68-materials-13-02908]\] also found that the incorporation of glass particles into PDLLA generated higher degradation as distorted interfaces surrounding the glass particles were observed, which favor the polymer hydrolysis due to the greater surface available to react with the medium.

Scaffolds incorporating 10 wt.% of Cu-, Zn- and CuZn-doped glasses also lost more weight than the neat PDLLA scaffold. However, the weight loss exhibited by the scaffolds filled with the metal-doped glasses was lesser than that of the scaffolds containing the un-doped glass particles because of the lower leaching activity and dissolution of the metal-doped glasses, as discussed above regarding previous studies \[[@B22-materials-13-02908],[@B31-materials-13-02908],[@B63-materials-13-02908],[@B64-materials-13-02908]\]. For instance, PLA/10-CuBG scaffolds showed a surface with lesser degree of degradation than that of the PLA/10-BG scaffold at 120 days of immersion in PBS as evaluated by SEM ([Figure 8](#materials-13-02908-f008){ref-type="fig"}c,d). The degradation behavior of polymer scaffolds containing therapeutic metal-doped glasses has not been evaluated before; therefore, this study represents an important advance in the knowledge of these composite systems to gain a better scaffold design and to achieve a more accurate prediction of their reactivity and degradation behavior.

Scaffolds containing 30 wt.% glass particles ([Figure 7](#materials-13-02908-f007){ref-type="fig"}b) had the same tendency of weight loss than scaffolds containing 10 wt.% particles. In particular, the PLA/30-BG scaffold showed the highest percentage of weight loss (10.4%) at 120 days of immersion in PBS. However, scaffolds with 30 wt.% metal-doped glass particles had a lower weight loss (\~3.5%) at 120 days. A controlled low weight loss until 120 days would be beneficial to maintain the porous structure and mechanical properties throughout the period when cells occupy the inner pores of the scaffold, the cellular matrix is generated and mineralization occurs (4--6 weeks, approximately) \[[@B29-materials-13-02908],[@B69-materials-13-02908],[@B70-materials-13-02908]\].

The degradation of scaffolds in PBS is associated with the release of byproducts which could change the pH of the local medium. For instance, PDLLA degrades in oligomers with carboxylic acid groups (lactic acid) \[[@B49-materials-13-02908]\], which diminish the physiological pH (pH = 7.4). On the other hand, bioactive glasses degrade releasing ions such as Ca^2+^ and Na^+^, which generate an increase of the pH \[[@B11-materials-13-02908]\]. pH changes have a significant effect on cell viability. Thus, it is important to evaluate the pH during the biomaterial degradation. [Figure 9](#materials-13-02908-f009){ref-type="fig"} shows pH changes in PBS (pH = 7.4) after the immersion of the scaffolds for 1, 7, 14, 28, 60 and 120 days.

[Figure 9](#materials-13-02908-f009){ref-type="fig"}a shows the pH change in PBS after the immersion of the neat PDLLA scaffold and the composite scaffolds with 10 wt.% glass particles. The neat PDLLA scaffold diminished the pH to 7.3 at 7 days of immersion, but at longer times the pH was around 7.4--7.5. The scaffold containing the un-doped bioactive glass (PLA/10%-BG) also had a slight decrease in pH up to 7.2 for 7, 14 and 28 days of immersion, which is due to the release of acid oligomers from the pore wall or glass particle--polymer interfaces \[[@B27-materials-13-02908]\]. At 60 and 120 days, the pH values were increased until 7.4--7.5, which was generated by exchanging of Ca^2+^ and Na^+^ ions from the glass surface with H^+^ from the medium as previously reported \[[@B22-materials-13-02908]\]. The ions coming from the glass particles play a role as a buffer to balance the acid byproducts from the polymer hydrolysis. Scaffolds containing 10 wt.% of the Cu-, Zn- and CuZn-doped glass particles ([Figure 9](#materials-13-02908-f009){ref-type="fig"}a) increased the pH values up to 7.8 at 60 days, thus showing a higher alkaline effect with the incorporation of these metal-doped glasses. This higher alkaline effect is possibly due to the release of Cu^2+^ and Zn^2+^ ions to the PBS, forming copper and zinc hydroxides, such as Cu(OH)~2~ and Zn(OH)~2~, increasing thus the pH \[[@B71-materials-13-02908]\]. At 120 days, the pH showed a small decrease because of the acid products produced during the polymer degradation. The relatively small pH changes at early times and the pH balance generated by the degradation of the glass and polymer components coming from the neat PDLLA scaffold or composites containing 10 wt.% glass particles did not induce toxicity to stem cells at 10 days of incubation as was previously described in other study \[[@B31-materials-13-02908]\].

The relevance of the glass particles to modify the pH of the surrounding fluid is confirmed in [Figure 9](#materials-13-02908-f009){ref-type="fig"}b, where more significative effects on the pH due to the greater degree of degradation and release of alkaline ions and acid products from scaffolds containing 30 wt.% of filler were observed. Although the pH reached acid and basic values about 7.1 and 8.0, respectively, during the period evaluated, it is worth noting that a balance was allowed between the alkaline ions released from the glass particles and the acid products from the polymer scaffold. This buffer effect could indicate that in dynamic conditions like those observed in the human body, it would be possible to have a physiological balance to avoid cytotoxicity by alkalosis or acidosis. In vivo or dynamic studies would be necessary for a more relevant assessment of these effects. For instance, previous in vitro cell culture tests \[[@B31-materials-13-02908]\] showed that a glass amount of 30 wt.% produced a cytotoxic effect at 10 days of incubation.

The above-described weight loss and pH change results confirmed a relevant effect of the presence and type of bioactive glass. Additionally, significant changes in the dimensions and porous structure of the scaffold samples until 120 days were not observed, as shown in [Figure 10](#materials-13-02908-f010){ref-type="fig"}, which was consistent with the low weight loss described above ([Figure 7](#materials-13-02908-f007){ref-type="fig"}). This structural stability would be helpful to maintain the initial mechanical support for the growth of new bone tissue.

4. Conclusions {#sec4-materials-13-02908}
==============

Polymer scaffolds with 10 wt.% and 30 wt.% of un-doped and Cu-, Zn- and CuZn-doped bioactive glass particles were prepared and characterized to evaluate the effect of the doping with these therapeutic metal ions and the amount of glass particles on their in vitro bioactivity, compression and degradation behavior. The incorporation of these glass particles imparted in vitro bioactivity to PDLLA scaffolds forming apatite on their surface after immersion in SBF. Moreover, the incorporation of some glass particles at certain percentages improved the compression properties of the resulting composite scaffolds, as was evidenced, for instance, for the scaffold PLA/10-BG. The degradation behavior evaluated by the weight loss in PBS showed that these scaffolds can retain almost 90% of their initial weights after 120 days of immersion in PBS. It was also observed that the scaffold samples keep their dimensions and porous structure, which will be useful to support the growth of new bone tissue. Scaffolds did not significantly change the pH of the medium, which should avoid cytotoxic effects. All these properties depended on both the presence of the metal ions in the glass structure and the amount of glass particles incorporated into the porous polymer matrix. Despite the scaffold with 30 wt.% of the un-doped glass showed the highest in vitro bioactivity and degradation rate as well as improved mechanical strength which is useful for bone repair, the scaffolds with copper-doped glasses, i.e., either CuBG or CuZnBG, would be even better candidates to be clinically tested since they presented an important combination of apatite formation, mechanical strength and degradation profile. Additionally, the presence of therapeutic/antibacterial ions can provide additional activity to stimulate bone regeneration and avoid implant-centered infections. This study enabled the gaining of insights necessary to design novel therapeutic composite scaffolds for bone regeneration with improved bioactivity, mechanical properties and structural integrity.
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![SEM images of the pore structure of the PDLLA scaffolds prepared by lyophilization and subsequent salt leaching methods. Porosity characterized by three zones (Z1, Z2 and Z3) through the cross-section of the scaffold samples: (**a**) PDLLA and (**b**) PLA/30-BG. Small pores (10--60 μm, indicated with arrows) interconnecting larger pores (100--400 μm) from Z2 are shown in (**c**) and (**d**) for PDLLA and PLA/30-BG, respectively. Glass particles exposed on pore wall surfaces (**e**) and embedded within the polymer matrix in the pore wall cross-section (**f**) are further shown for the PLA/30-BG composite scaffold by arrows. The insert of figure (**f**) shows the compositional analysis by EDX for the glass particles.](materials-13-02908-g001){#materials-13-02908-f001}

![Stress vs. strain curve from the compression test for the scaffolds with (**a**) 10% and (**b**) 30% of the bioactive glass. Results from the neat PDLLA scaffolds are further shown. The inserts show the low strain region (elastic regime) and the dotted represents the limits for each zone of the curve (I, II and III).](materials-13-02908-g002){#materials-13-02908-f002}

![X-ray diffractograms showing apatite formation on the surface of the scaffolds with bioactive glasses (BG) after immersion in simulated body fluid (SBF). Scaffolds (**a**) neat PDLLA (**b**) PLA/10-BG and (**c**) PLA/30-BG. Crystal phases are labeled as: (⯆) apatite, (∇) CaCO~3~ (JCPDS 01-085-1108) and (♠) Halite (NaCl, JCPDS 5-0628).](materials-13-02908-g003){#materials-13-02908-f003}

![X-ray diffractograms showing apatite formation on the surface of the composite scaffolds with BG after immersion in SBF for 7 and 28 days. Scaffolds with 10% of glass particles after (**a**) 7 days and (**b**) 28 days of immersion in SBF. Scaffolds with 30% of glass particles after (**c**) 7 days and (**d**) 28 days of immersion in SBF. Crystal phases are labeled as: (⯆) apatite, (∇) CaCO~3~ (JCPDS 01-085-1108) and (♠) Halite (NaCl, JCPDS 5-0628).](materials-13-02908-g004){#materials-13-02908-f004}

![ATR-FTIR spectra indicating apatite formation on the surface of the composite scaffolds with BG after immersion in SBF for 7 and 28 days. Scaffolds with 10% of glass particles after (**a**) 7 days and (**b**) 28 days of immersion in SBF. Scaffolds with 30% of glass particles after (**c**) 7 days and (**d**) 28 days of immersion in SBF.](materials-13-02908-g005){#materials-13-02908-f005}

![SEM images of the scaffold surface after immersion in SBF for 28 days: (**a**) PDLLA, (**b**) PLA/30-BG, (**c**) PLA/30-CuBG, (**d**) PLA/30-ZnBG, (**e**) PLA/30-CuZnBG and (**f**) EDX spectra of the apatite area. The yellow arrows show some apatite granules for the composite scaffolds and the calcium phosphate (CaP) precipitates on the neat PDLLA scaffold. SEM images with higher magnification show in more detail the apatite zones.](materials-13-02908-g006){#materials-13-02908-f006}

![Weight loss of scaffolds samples after immersion in PBS for 1, 7, 14, 28, 60 and 120 days. Scaffolds with (**a**) 10 wt.% and (**b**) 30 wt.% glass particles.](materials-13-02908-g007){#materials-13-02908-f007}

![SEM images evaluating the differences in the degradation of the pore wall of (**a**) PDLLA, (**b**) and (**c**) PLA/10-BG, and (**d**) PLA/10-CuBG scaffolds, after 120 days of immersion in PBS. Glass particle--polymer interfaces are indicated with the yellow arrow and a glass particle with the red arrow.](materials-13-02908-g008){#materials-13-02908-f008}

![pH changes in phosphate buffer solution (PBS) after immersion of the scaffolds for 1, 7, 14, 28, 60 and 120 days. Scaffolds with (**a**) 10 wt.% and (**b**) 30 wt.% glass particles.](materials-13-02908-g009){#materials-13-02908-f009}

![Photograph showing the appearance of the scaffold samples after immersion in PBS for 1, 28, 60 and 120 days. Bar scales: 10 mm.](materials-13-02908-g010){#materials-13-02908-f010}

materials-13-02908-t001_Table 1

###### 

Densities and porosity of the scaffolds.

  Scaffold Sample   *ρ* (g/cm^3^)   *ρ*~0~ (g/cm^3^)   *p* (%)
  ----------------- --------------- ------------------ ---------
  Neat PDLLA        0.083           1.26               93.4
  PLA/10-BG         0.086           1.31               93.5
  PLA/30-BG         0.090           1.42               93.7
  PLA/10-CuBG       0.091           1.33               93.2
  PLA/30-CuBG       0.102           1.49               93.2
  PLA/10-ZnBG       0.095           1.33               92.8
  PLA/30-ZnBG       0.106           1.49               92.9
  PLA/10-CuZnBG     0.099           1.33               92.5
  PLA/30-CuZnBG     0.112           1.48               92.4

*ρ* apparent density; *ρ*~0~ = density of the non-porous composite material; *p* = theoretical porosity of the scaffold.

materials-13-02908-t002_Table 2

###### 

Mechanical properties of the scaffolds.

  -------------------------------------------------------------
  Scaffold        Compressive Strength\      Young's Modulus\
                  at 10% Deformation (kPa)   (kPa)
  --------------- -------------------------- ------------------
  PDLLA           30 ± 3                     2.3 ± 0.3

  PLA/10-BG       48 ± 7                     5.3 ± 0.3

  PLA/30-BG       29 ± 4                     3.1 ± 0.3

  PLA/10-CuBG     32 ± 4                     4 ± 1

  PLA/30-CuBG     29 ± 3                     3.5 ± 0.4

  PLA/10-ZnBG     24 ± 3                     2.8 ± 0.6

  PLA/30-ZnBG     41 ± 6                     5 ± 1

  PLA/10-CuZnBG   26 ± 3                     2.8 ± 0.6

  PLA/30-CuZnBG   27 ± 3                     2.8 ± 0.5
  -------------------------------------------------------------
